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Overview 
• Experimental Testing 
• X2 Shock Expansion Tunnel 
• Instrumentation 
• Pre-heating Concept 
• Numerics 
• CFD and Radiation Solvers 
• Air-Carbon Ablation Boundary Condition 
• Results 
• Conclusions 
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X2 Shock Expansion Tunnel 
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• UV spectrometer covered wavelength 
range 350-395 nm - targeted radiation from 
CN violet band 
• High speed camera ensured correct 
exposure time 
 
 
Tunnel “Freestream” Conditions 
P = 847 Pa, T = 2035 K, V = 8503 m/s  
ρ = 1.45 x 10-3 kg/m3 
Total Enthalpy = 38.2 MJ/kg 
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Pre-Heating of Carbon Model 
• Pre-heating allows study of ablation in shock tube facilities 
• Resistive heating used to reach temperatures >2000 K in 
less than 10 seconds 
• ISO-63 grade graphite manufactured by Graphel, LLC 
• 50 mm OD, 46 mm ID, 10 mm thick 
• Tw determined from two color ratio pyrometry technique 
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Zander et al. AIAA Journal, Vol. 51, No. 2, 2013 
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Numerics 
• Mean flow computed using US3D 
• Assumptions 
• Two-temperature model 
• Thermodynamic functions calculated using NASA CEA database 
• Mixture properties calculated using Gupta-Yos mixing rule 
• Diffusion fluxes modeled using Fick’s law 
• 20 species, 40 reaction gas chemistry model 
• N2, O2, NO, CO2, CO, C2, C3, CN, NO
+, N2
+, O2
+, CO+, Ar, C, N, O, 
N+, O+, C+, e- 
• Radiation computed using NEQAIR v13.2 
• Non-Boltzmann distribution of excited electronic states 
• Extracted line-of-sight replicated experimental line-of-sight 
• Compared spectral radiance and radiative heat flux profiles 
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Grid Convergence 
• Symmetry of geometry & flow field 
• Increased points in wall-normal direction 
• Tracked convergence of temperature, CN 
mass fraction, and surface mass flux 
• Used 5.5M cell grid 
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Air-Carbon Surface Models 
• Park Model 
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• Only defines forward rates, i.e. 
irreversible reactions 
• Carbon nitridation reaction 
efficiency 
• Park = 0.3 
• Driver, Goldstein, Suzuki, 
Zhang ≈ 0.001 
Zhang et al. J. Thermophysics and Heat 
Transfer, Vol. 26, No. 1, 2012 
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Air-Carbon Surface Models 
• Zhluktov and Abe Model 
 
• Represents kinetic-based 
processes at surface 
• Adsorption/desorption, Eley-
Rideal & sublimation processes 
modeled 
• Forward/backward rates 
• Surface equilibrium constants 
coupled with gas-phase 
equilibrium constants 
• Lacks carbon nitridation 
reaction 
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Results 
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Total Surface Mass Flux 
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Results 
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Gosse et al. AIAA Paper 2012-2745 
Stagnation Point 
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Results 
CFD 
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Experiment 
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Spectral Radiance 
Tw = 2390 K 
Results 
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CN Mass Fraction 
Air University: The Intellectual and Leadership Center of the Air Force 
Aim High…Fly - Fight - Win 
The AFIT of Today is the Air Force of Tomorrow. 
Results 
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Scaled Spectral Radiance 
Tw = 2390 K 
CN Mass Fraction 
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Tw = 2390 K 
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Tw = 2025 K 
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• Both models over predicted 
radiative heat flux 
• ZA model predictions 
sensitive to wall temperature 
• No ablation case provided 
best comparison 
• Why? 
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Results 
• Primary contributors to boundary layer mass ingestion were due to 
CO and CO2 for either surface model 
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CO2 CO 
• Over prediction appears to be due to excessive carbon oxidation 
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Results 
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CO2 Mass Fraction 
• Additional way to test 
would be to measure CO2 
radiation 
• CO2 emits in the IR 
• Surface models predict large 
differences 
 
• However, X2 instrumentation 
not yet capable 
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Conclusions 
• Performed coordinated experiments and simulations 
utilizing novel concepts and state-of-the-art tools  
• Compared two air-carbon ablation models at four wall 
temperatures in an Earth re-entry environment 
• Both models over predicted radiative heat fluxes 
• Over prediction suspected to be due to excessive carbon oxidation 
• Zhluktov and Abe model more sensitive to changes in wall 
temperature – reflects experimental ablation rate trends 
• Identified areas for improvement 
• Update gas-phase kinetic rates / diffusion modeling 
• Investigate oxidation reaction rates vs. surface temperature 
• Zhluktov and Abe model lacks carbon nitridation reaction 
• Expand spectrometer measurements to include CO2 radiation 
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